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FIELD OF THE INVENTION: 

This Invention relates to an Integrated process for producing an epoxide wherein the only reactants con- 
sumed In th overall process are olefin, molecular oxygen, and hydrogen. In particular, the invention pertains 
6 to a process whereby an oxidant mixture comprised of an aryi -substituted secondary alcohol, an aryl- 
substJtuted ketone, and hydrogen peroxide Is generated by reaction of the alcohol with molecular oxygen and 
then reacted with an ethyienically unsaturated substrate in the presence of a titanium sOicalite catalyst The 
aryi -substituted ketone is recycled back to alcohol by hydrogenation. 

10 BACKGROUND OF THE INVENTION: 

Epoxides such as ethylene oxide, propylene oxide, 1,2-butene oxide and the like are useful intermediates 
for the preparation of a wide variety of products. The oxirane functionality in such compounds is highly reactive 
and may be ring-opened with any number of nudeophllic reactants. For example, epoxides may be hydroiyzed 
is to yield glycols useftjl as anti-freeze components or reactive monomers for the preparation of condensation 
polymers such as polyesters. 

Polyether polyots generated by the ring-opening polymerization of epoxides are widely utOized as inter- 
mediates In the preparation of polyurethane foams, elastomers, sealants, coatings, and the like. The reaction 
of epoxides with alcohols provides glycol ethers, which may be used as polar solvents in a number of appli- 
20 cations. 

Many different methods for the preparation of epoxides have been developed. One such method involves 
the use of certain titanium silicaiite compounds to catalyze olefin oxidation by hydrogen peroxide. This method 
is described, for example, in Huybrechts etaL J. Mol. Catal. 71. 129(1992). U.S. Pat Nos. 4,824,976 (Clerici 
et al.) and 4,833,260 (Neri et aL). European PaL Pub. Nos. 311.983. 190,609, 315,247 and 315,248. Belgian 

25 Pat Pub. No. 1,001 ,038. Clerici et al., J. Catal. 129,159(1991). and Noted, in Innovation in Zeolite Material 
Science," Studies In Surface Science and Catalysts . Vol. 37. p. 413 (1988). 

However, the outcome of synthetic reactions catalyzed by titanium sflicaJites is highly unpredictable and 
seemingly minor changes in reactants and conditions may drastically change the type of product thereby ob- 
tained. For example, when an olefin is reacted with hydrogen peroxide in the presence of titanium silicaiite the 

30 product obtained may be either epoxide (U.S. Pat No. 4.833,260), glycol ether (U.S. Pat No. 4,476,327), or 
glycol (Example 10 of U.S. Pat No 4,410,501). 

The prior art related to titanium silicallte-catalyzed epoxldation teaches that it is beneficial to employ a hy- 
drogen peroxide solution that does not contain large amounts of water and recommends t he use of an organic 
solvent as a liquid medium for the epoxldation reaction. Suitable solvents are said to include polar compounds 

35 such as alcohols, ketones, ethers, glycols, and acids. Solutions in tert-butand, methanol, acetone, acetic acid, 
and propionic acid are taught to be most preferred. However, hydrogen peroxide is currently available com- 
mercially only in the form of aqueous solutions. To employ one of the organic solvents recommended by the 
prior art it will thus be necessary to exchange the water of a typical hydrogen peroxide solution for the organic 
solvent This will necessarily increase greatly the overall costs associated with an epoxldation process of this 

40 type. Additionally, concentration of hydrogen peroxide to a pure or nearly pure state is exceedingly dangerous 
and is normally avoided. Thus, it will not be practicable or cost-effective to simply remove the water by distil- 
lation and replace It with the organic solvent Since hydrogen peroxide has a high solubility in and high affinity 
for water, liquid-liquid extraction of hydrogen peroxide from an aqueous phase to an organic phase will not be 
feasible. Moreover, many of the solvents taught by the prior art to be preferred for epoxidation reactions of 

45 this type such as tert-butand. acetone, and methanol are water miscible and thus could not be used in such 
an extraction scheme. An epoxidation process wherein a readily obtained oxidant solution containing hydrogen 
peroxide and an organic solvent which promotes high yields of epoxide products is employed would thus be 
of significant economic advantage. 

60 SUMMARY OF THE INVENTION : 

This invention provides an integrated process for the production of an epoxide comprising the steps of 

(a) contacting an aryl-substituted secondary alcohol with mdecular oxygen under conditions effective to 
form an xidant mixture compris dofth secondary alcohd. an aryl-substituted ketone corresponding to 

55 said secondary alcohd. and hydrogen peroxid ; 

(b) contacting the oxidant mixture with an defin and a catalyticallyeff ctiv amountof a titanium flicalite 
for a time and at a temp rature ffective to convert the lef in to poxide; and 

(c) reacting the aryl-substituted keton with hydrogen in th presence f a transition metal hydrogenation 
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catalyst under conditions effective to convert the ketone to the eryl -substituted secondary alcohol. 
BRIEF DESCRIPTION OF THE DRAWING: 

5 

Figure 1 illustrates in schematic form a suitable embodiment of th process of the invention. 

DETAILED DESCRIPTION OF THE INVENTION: 

10 It has now been surprisingly discovered that exceptionally high yields of epoxide are conveniently and eco- 
nomically realized through the utilization of an Integrated process wherein a crude oxidant mixture generated 
by air oxidation of an aryt-substfojted secondary alcohol is contacted with olefin in the presence of a titanium 
silicalite catalyst The aryl -substituted ketone co-product is readily converted in whole or In part by hydrogen- 
ation back to alcohol for a further alroxldation/epoxidation cycle. The titanium sflicalite catalyst shows little ten- 
ts dency to be deactivated or poisoned by the contaminants In the crude oxidant mixture, rendering the process 
highly suitable for use on a commercial scale. 

The high epoxide sdectivtties achieved with the process of this Invention were unexpected in view of the 
fact that the oxidant mixture, which contains a number of different chemical substances, may be employed 
directly In the epoxidation step without a tedious or costly preliminary purification. For example, minimal glycol 
20 ether and glycol by-products are formed even though substantial amounts of both water and alcohol, which 
are known to react readily with epoxide in the presence of titanium sflicalite, are typically present in the oxidant 
mixture. 

Another surprising aspect of the process of the invention is that high selectivity to epoxide is attained in 
spite of the fact that substantial amounts of aryl -substituted secondary alcohol are present during epoxidation. 
25 The prior art teaches that primary and secondary alcohols such as benzyl alcohol are readily oxidized to the 
corresponding aldehydes and ketones by reacting with hydrogen peroxide in the presence of titanium sflicalite 
(U.S. Pat No. 4,480,115). It has now been discovered that only minimal oxidation of an aryl-substttuted sec- 
ondary alcohol to an aryf-substituted ketone takes place during epoxidation, despite the fact that both olefin 
and alcohol are known to react with hydrogen peroxide In the presence of titanium silicalite and thus would be 
30 expected to compete for the available active oxygen. The finding that nearly all of t he hydrogen peroxide reacts 
selectively with the olefin substrate and not with the secondary alcohol was thus quite unexpected. 
The overall process of this invention may thus be represented as follows: 

olefin ♦ 0 2 + H2 epoxide ♦ H2O 
wherein the epoxide is the only organic species produced (other than minor quantities of by-products) and the 
35 olefin Is the only organic species consumed. The process is consequently exceedingly attractive from a com- 
mercial point of view. 

In the molecular oxygen oxidation step of the process, the selection of an aryl-substituted secondary al- 
cohol is critical to the attainment of the highest possible epoxide yields, as oxidant mixtures obtained by oxi- 
dation of other types of alcohols have been found to provide unsatisfactorily low rates of epoxidation and/or 

40 low epoxide selectivity. Without wishing to be bound by theory, it is believed that the superior results achieved 
using aryl-substituted secondary alcohol are attributable to the propensity of dialkyl-substituted alcohols to 
yield oxidant mixtures upon air oxidation wherein relatively high proportions of active oxygen-contain ing organic 
compounds (peroxides and hydroperoxides) rather than free hydrogen peroxide are present 

For example, air oxidation of cydohexanol is reported to yield cyciohexanone peroxide (also referred to 

45 as cydohexanol hydroperoxide) rather than a mixture of cyciohexanone and free hydrogen peroxide (European 
Pat Pub. 129,814.). Cyciohexanone and hydrogen peroxide are known to react to form 1,V-dihydroxy dicy- 
dohexyl peroxide (Kharasch et at. J. Org. Chem. 23, 1322 (1958). Similarly, air oxidation of isopropanol pro- 
duces a crude oxidant mixture containing substantial amounts of organic peroxides in addition to hydrogen per- 
oxide (see J. Am. Chem. Soc. 81. 6461 (1959); U.S. Pat Nos. 2.869.989, 3,158,531, and 3,294.488; British 

50 Pat No. 758.967). 

The secondary alcohols suitable for use indude those organic compounds containing at least one carbon 
atom bearing a hydrogen, a hydroxy! group, and at least one aryl group such as those substances correspond- 
ing to the general structure 

55 
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wherein Rand R 1 are the same or different and are selected firom t he group consisting of alkyf , aryi alkyl (i.e., 
an aryi substituted alkyl group), and aryi groups provided that at least one of R or R 1 is an aryi group. 

Preferred alkyl groups Include CrGg alkyf groups such as methyl, ethyl, propyl, n- butyl, isobutyf, sec-butyl, 
tart-butyl, n-pentyl, isopentyl, 1 -methyl butyl, 1 -ethyl propyl, neopentyl, tert-pentyl, cyclopentyl, n-hexyl, Iso- 
hexyl, cydohaxyl, and the like. If an alkyl group is present, it preferably does not contain any secondary or 
tertiary carbons (carbons bearing only one or two hydrogen atoms). Preferred aryi groups Include C^C iS aryi 
groups such as phenyl, methylphenyl, dimethylphenyl, trtmethyl phenyl, nltrophenyl, chlorophenyf, bromo phe- 
nyl, cyanophenyl, methoxyphenyl, anthryl, phenanthryl, biphenyl, and the like. Preferred aryi alkyl groups in- 
clude Ct-Cz) aryi alkyl groups such an benzyl and phenethyl. The substituents on Rand R 1 , ff any, should be 
selected eo as not to interfere with the desired air oxidation, epoxidation, and hydrogenation reactions. The R 
and R 1 groups may be connected so as to form a cyclic structure, as In 9-hydroxyfluorene. More than one hy- 
droxy! group may be present If an alkyl group is present, it is preferably a methyl group. Unsubstituted aryi 
groups are preferred for use In view of their relative Inertness under the reaction conditions of the process. 
Most preferably, R is methyl and R 1 is phenyl (i.e., the aryl-substitutad secondary alcohol is alpha-met hyl ben- 
zyl alcohol, which Is also known as phenethyl alcohol and methyl phenyl carblnoi). Examples of other useful 
alcohols include benzhydro! (R and Ri are both phenyl), alpha-ethylbenzyi alcohol (R is ethyl, Rt is phenyl), 
alpha-methyl naphthyl alcohol (R is methyl, R 1 is naphthyl), and the like. 

Also suitable for use as the aryi -substituted secondary alcohol component of the Invention is the class of 
ant hraqui nols (also referred to anthrahydroqulnones) corresponding to the general structure 



wherein R 2 and R 3 are the same or different and are selected from hydrogen and C r C 10 alkyl. Illustrative ex- 
amples of this class of aryl-substituted secondary alcohols include 2-ethylanthroquinol, 2-tert-butyi anthra- 
quinol, 2-tert-amyl anthraquinoi. 

The secondary alcohol is preferably selected such that it is a liquid at the reaction temperatures employed 
during each step of the process and is mistible with or is capable of dissolving the other components of the 
reaction mixture other than the titanium silicalite and hydrogenation catalysts (that is, it acts as a solvent). It 
Is desirable that the secondary alcohol have a boQIng point at atmospheric pressure of from about 175°C to 
350*0. If the secondary alcohol is a solid at the reaction temperature used during any step of the process, it 
will generally be desirable to employ a solvent so as to maintain the reaction components as a liquid phase. 

The aryl-substituted secondary alcohol is reacted with molecular oxygen from a suitable source such as 
air to yield the oxidant mixture, which will typically contain excess aryl-substituted secondary alcohol, the aryl- 
substituted ketone resulting from reduction of the secondary alcohol (and which will have the same hydrocar- 
bon skeleton as the alcohol), hydrogen peroxide, and water. The starting material to be air-oxidized may contain 
minor amounts of the aryl-substituted ketone in addition to the alcohol. Generally speaking, the oxidation con- 
ditions are adjusted so as to yield an oxidant mixture comprised of at least 30 weight percent aryl-substituted 
secondary alcohol, from about 1 to 1 0 weight percent hydrogen peroxide and less than 4 weight percent water 
(the balance being predominantly aryl-substituted ketone). The oxidation may be either uncatalyzed or cata- 
lyzed (for example, by introduction of a minor amount of a peroxide or hydroperoxide such as t-butyl hydro 
p roxide), but is most preferably carried out und r th conditions described in U.S. Pat Nos. 4,897,252, 
4,975,266, and 5,039,508 (the teachings of these patents are incorporated herein by reference in their entirety). 
T mperatures of from 100 to 200°C (more preferably, from 120 to 180°C) will typically be appropriate for use 
in order to attain reasonable oxidation rates. The preferred rang of oxygen partial pressure in the feed gases 
(which may include an inert diluent gas such as nitrogen in addition to xygen) is 5 to 500 psia (more preferably, 
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1 5 to 250 psla) partial pressure. Total pressure in the oxidation reaction zone should be sufficient to maintain 
the components of the reaction mixture In the liquid phase (50 psla to 1000 psla is normally sufficient). 

In the epoxktation step of the process of this invention, the oxidant mixture is contacted with an olefin and 
a catalytically effective amount of a titanium silicallte for a time and at at a temperature effective to convert 
the olefin to the desired epoxide. 

The olefin substrate epoxidized In the process of this Invention may be any organic compound having at 
least one ethyienlcalty unsaturated functional group (i.e., a carbon-carbon double bond) and may be an aro- 
matic aliphatic mixed aromatic-aliphatic (e.g., aralkyi), cyclic, branched or straight chain olefin. Preferably, 
the olefin contains from 2 to 30 carbon atoms (i.e.. a CrC* olefin). More than one carbon-carbon double bond 
may be present In the olefin; dienes, trienes, and other polyunsaturated substrates thus may be used. Other 
examples of suitable substrates include unsaturated fatty acids or fatty acid derivatives such as esters or gly- 
cerides and oligomeric or polymeric unsaturated compounds such as pofybutadiene. 

The olefin may contain substituents other than hydrocarbon substituents such as halide. carboxyllc acid, 
ether, hydroxyl, thiol, nttro, cyarto, ketone, acyl, ester, anhydride, amino, and the like. 

Exemplary olefins suitable for use In the process of this invention include ethylene, propylene, the bu- 
tenes, butadiene, the pentenes, isoprene, 1-hexene, 3-hexene, 1 -heptene, 1-octene, diisobutylene, 1-nonene, 
1 -tetrad ecene, pentamyrcene, camphene, 1-undecene, 1-dodecene, 1-tridecene. 1-tetradecene, 1-pentade- 
cene, 1-hexadecene, 1 -hep tad ecene, 1-octadecene, 1-nonadecene, 1-eicosene, the trfmers and tetramers of 
propylene, polybutadiene. polyisoprene, cyclopentene, cyciohexene, cydoheptene, cyclooctene, cydoocta- 
diene, cydododecene, cydododecatrlene, dteydopentadlene, methyl enecydopropane, methyl enecyclopen- 
tane, methylenecydohexane, vinylcydohexane, vinyl cydohexene, methaliyi ketone, allyl chloride, ally] bro- 
mide, acrylic acid, methacrylic acid, crotonlc acid, vinyl acetic acid, crotyl chloride, methallyi chloride, the di- 
chlorobutenes, allyl alcohol, aDyl carbonate, allyl acetate, alkyi acrylates and methacrylates, diallyl maleate, 
diailyl phthalate, unsaturated triglycerides such as soybean oil, and unsaturated fatty acids, such as oleic acid, 
linolenic add, linolelc add, erudc add, palmitoleic acid, and ridnoleic add and their esters (induding mono-, 
dh and triglyceride esters), and alkenyl aromatic compounds such as styrene, alpha-methyl styrene, beta- 
methyl styrene, dlvinyl benzene, 1,2-dihydronaphthaIene, indene, stObene, dnnamyl alcohol, 2-methyM-phe- 
nyl-1-propene, 2-methyl-3-phenyl-2-propen-1-ol, dnnamyl acetate, dnnamyf bromide, dnnamyl chloride, 4- 
stabenemethanol, ar-methyl styrene, ar-ethyi styrene, ar-tert-butyl styrene, archlorostyrene, 1,1-diphenyl- 
ethylene, vinyl benzyl chloride, vinyl naphthalene, vinyl benzoic add, ar-acetaxy styrene, ar-hydroxy styrene 
(i.e., vinyl phenol), 2-or 3-methyl indene, 2,4,6-trimethylstyrene, 1 -phenyl- 1 -cydohexene, 1 ,3-dusopropenyI 
benzene, vinyl anthracene, vinyl anisole, and the like. 

Mixtures of olefins may be epoxidized and the resulting mixture of epoxides either employed in mixed form 
or separated into the different component epoxides. 

The process of this invention is especially useful for the epoxidation of C2-C30 olefins having the general 
structure 



wherein R 1 , R* R* and R 4 are the same or different and are selected from the group consisting of hydrogen, 
CrCzo alkyi. <VC 12 cycloalkyl, Cg-C^ alkyi cydoalkyl, Cj-C^ aryl, and C7-C20 aryl alkyi. 

The amount of hydrogen peroxide relative to the amount of olefin is not critical, but most suitably the molar 
ratio of hydrogen peroxide ;olef in is from about 100:1 to 1:100 when the olefin contains one ethyienically un- 
saturated group. The molar ratio of ethyienically unsaturated groups in the olefin substrate to hydrogen per- 
oxide Is more preferably in t he range of from 1:10to10:1.One equivalent of hydrogen peroxide Is theoretically 
required to oxidize one equivalent of a mono-uneaturated olefin substrate, but it may be desirable to employ 
an excess of one reactant to optimize selectivity to the epoxide. A key advantage of the process of this invention 
as compared to other epoxidation processes is that neither a large molar excess of hydrogen peroxide relative 
to lefin nor a large m lar excess of olefin relative to hydrogen peroxide is required. High yields of epoxide 
may be realized using a slight (i.e., 5-75%) molar xcess of olefin relativ tohydrog n peroxide (i.e., th m lar 
ratio of olefin to hydrogen p roxide is from 1.05:1 to 1.75:1). Th hydrogen peroxid is thus used in a very 
efficient manner, littl of the hydrogen peroxide is wasted through non-selective decomposition to water (I.e., 
without xidati n of an olefin molecul ). Since hydrogen peroxid is relatively costly to generate, this means 
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that the verall Integrated process of th Invention may be economically practised on a commercial scale. Ad- 
ditionally, processing costs arising from recovery and recycling of olefin are minimized since there is no need 
to employ a large excess of olefin in order to optimize epoxide selectivity, in contrast to known poxidabon 

5 processes employing iganlc hydroperoxides and mdybdenum-contalning catalysts. 

The titanium sflicaltes useful as catalysts in the epoxidation step of the process comprise the class of zeo- 
litic substances wherein titanium is substituted for a portion of the silicon atoms in the lattice framework of a 
silicalite molecular sieve. Such substances are well-known in the art and are described, for example, in U.S. 
Pat No. 4/10,601 (Taramasso et a!.), U.S. Pat No. 4,824,076 (Clerici et el.). U.S. Pat No, 4.668,692 (Tara- 

10 masso et al.). Thangaraj et al. f J. Catai. 130, 1 (1991), Reddy et al.. Applied Catai. 58, L-1 (1990), Reddy et 
at, J. Catai. 130. 440 (1991), Reddy et al.. Zeolites 12. 95 (1992). Belgian Pat Pub. No. 1,001.038 (BeUussi 
et ai.), Huybrechts et al.. J. Mot Catai. 71. 129 (1992). Huybrechts et al.. Catai. Utter 8, 237 (1991), U.S. Pat 
No. 4,656.016 (Taramasso et al.), U.S. Pat No. 4,859,785 (Bellussi et al.), European Pat Pub. No. 269.016 
(Bellussl et al.), U.S. Pat No. 4.701,428 (Bellussi et al.). U.S. Pat No. 4.937,216 (Clerlcl et al.). European Pat 

is Pub. No. 311.983 (Padoven et al.). European Pat Pub. No. 132,550 (Saleh). U.S. Pat No. 5.082.641 (Popa 
et al.). aerici et a!.. J. Catai. 129.159 (1991). Bellussi et ai.. J.Catai. 133, 220 (1992). Szostak. Molecular 
Sieves-Principles of Synthesis and Identification, pp. 250-252 (1989), and Notarl. "Synthesis and Catalytic 
Properties of Titanium Containing Zeolites", Innovation in Zeolite Materials Science. Grobet et aJ. ( Eds., 413 
(1968). The teachings of these publications are incorporated herein by reference In their entirety. 

20 Particularly preferred titanium silicaiites include the classes of molecular sieves commonly referred to as 
TS-1" (having an MFI topology analogous to that of the ZSM-5 aluminosilicate zeolites). TS-2" (having an 
MEL topology analogous to that of the ZSM-11 aluminosilicate zeolites), and TS-3" (as described in Belgian 
Pat No. 1.001,036). The titanium sOlcafite preferably contains no metals other than titanium and silica in the 
lattice framework. 

25 Preferably, essentially all of the titanium present is in the zeolite-like lattice framework. The catalyst itself 
preferably does not contain any appreciable amount of any amorphous phase or a crystalline phase ot her t han 
the crystalline titanium silicalite phase. As will be explained subsequently, however, the use of a binder or sup- 
port In combination with the titanium silicalite may be advantageous under certain circumstances. 

Catalysts suitable for use in the process of this Invention preferably have a composition corresponding to 

30 the following empirical formula x7i0r(1-x)Si02. where x is between 0.0001 and 0.500. More preferably, the val- 
ue of x is from 0.01 to 0.125. The molar ratio of SfcTi in the lattice framework of the titanium silicalite is advan- 
tageously from 9.5:1 to 99:1 (most preferably, from 9.5:1 to 60:1 ). The use of titanium-rich silicaiites as descri- 
bed in co-pending European patent application filed on the same day as this case and entitled "Epoxidation 
Process Using TTtanlum-Rlch Silicalite Catalysts" (Agent's Ref No. 17274) is particularly preferred wherein x 

35 is between 0.045 and 0.1 25. 

The amount of catalyst employed is not critical, but should be sufficient so as to substantially accomplish 
the desired epoxidation reaction in a practicably short period of time. The optimum quantity of catalyst wfll de- 
pend upon a number of factors including reaction temperature, olefin reactivity and concentration, hydrogen 
peroxide concentration, type and concentration of organic solvent as well as catalyst activity. Typically, how- 

40 ever, the amount of catalyst wfll be from 0.01 to 1 0 grams per mole of olefin. The concentration of titanium in 
the total epoxidation reaction mixture will generally be from about 10 to 10.000 ppm. 

The catalyst may be utilized in powder, pellet, microsphere, monolithic orany other suitable physical form. 
The use of a binder (co-gel) or support in combination with the titanium silicalite may be advantageous. Sup- 
ported or bound catalysts may be prepared by the methods known in t he art to be effective for zeolite catalysts 

45 in general. 

Illustrative binders and supports include silica, alumina, silica-alumina, silica-titan ia, silica-thoria, silica- 
magnesia, sflica-zironia, silica-berytlia, and ternary compositions of silica with other refractory oxides. Also 
useful are clays such as montmorillonites, kaolins, bentonites, hailoysites, dickites, nacrites, and ananxites. 
The proportion of titanium sQlcalite:binder or support may range from 99:1 to 1:99, but preferably is from 5:95 

so to 80:20. The methods described in U.S. Pat. No. 4,701,428 (incorporated herein by reference in its entirety) 
may be adapted for the preparation of microspheres containing oligomerlc silica binder and titanium sQicaJite 
crystals which are suitable and preferred for use in the process of this invention. 

The catalyst may be treated with an alkaline (basic) substance or a silyiating agent so as to reduce the 
surface acidity, as described in U.S. Pat No. 4.937,216. 

55 While th aryi-substituted secondary alcohol and aryl-substituted k tone present in th xidant mixture 
serveasaneff ctiv reaction medium forth poxidati n step, it may be advantageous to employ an additional 
co-solv nt8uchasaketone( .g.,aceton , methyl ethyl keton ), alcohol ( .g.. methanol, et han I. isopropanol, 
n-butanol, t-butand), eth r(e.g.,dl thyi ther, tetrahydrofuran, dioxane). ntoil ( .g., acetonitril ), allphatics 
or aromatic hydrocarb n.halogenat d hydrocarb n.andth lik .Th us ofm t ha nol as a co-solv nt is par- 
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ticularfy preferred, as even relatively low concentrations of this co-solvent (6-40 weight percent of the total re- 
action mixture) have been found to markedly knprov the rate of reaction and epoxide selectivity. 

The reaction temperature is not critical, but should be sufficient to accomplish substantial conversion of 

6 the olefin to poxide within a reasonably short period f Um . It is g n orally advantageous to carry out the 
reaction to achieve as high a hydrogen peroxide conversion as possible, preferably at least 50% and desirably 
at least 90%, consistent with reasonable selectlvfties. The optimum reaction temperature will be Influenced by 
catalyst activity, olefin reactivity, reactant concentrations, and type of solvent employed, among other factors, 
but typically will be in a range of from about 0°C to 1 50°C. Reaction times of from about 1 0 minutes to 46 hours 

10 will typically be appropriate, depending upon the above-identified variables. Although sub-atmospheric pres- 
sures can be employed, the reaction is preferably performed at atmospheric pressure or at elevated pressure 
(typically, between 1 and 100 atmospheres). Generally, it will be desirable to maintain the reaction components 
as a liquid mixture. 

The epoxfdation step of this Invention may be carried out In a batch, continuous, or semi-continuous man- 

15 ner using any appropriate type of reaction vessel or apparatus such as a fixed bed, transport bed, stirred slurry, 
or CSTR reactor. Known methods for conducting metal-catalyzed epoxidations of olefins using hydrogen per- 
oxide will generally also be suitable for use. Thus, the reactants may be combined all at once or sequentially. 
For example, the hydrogen peroxide may be added incrementally to the reaction zone. 

Once the epoxidation has been carried out to the desired degree of conversion, the epoxide product may 

20 be separated and recovered from the reaction mixture using any appropriate technique such as fractional dis- 
tillation, extractive distillation, liquid-liquid extraction, crystallization, or the like. After separating from the epox- 
idation reaction mixture by any suitable method such as filtration, the recovered titanium sflicalite catalyst may 
be economically re-used In subsequent epoxidations. Similarly, any unreacted olefin or hydrogen peroxide may 
be separated and recycled or otherwise disposed of. 

25 The epoxide and unreacted olefin are preferably separated from the aryl-substituted secondary alcohol 
and aryl-substituted ketone prior to the hydrogenation step of the process. However, if desired, one or both 
the epoxide and olefin may be converted to alcohol and saturated hydrocarbon respectively by subjecting these 
components to hydrogenation. In the hydrogenation step, the aryl-substituted ketone is reacted with hydrogen 
in the presence of a transition metal hydrogenation catalyst under conditions effective to convert ail or a portion 

30 of the ketone to the aryl-substituted secondary alcohol. The transition metal in the hydrogenation catalyst is 
most preferably palladium, platinum, rhodium, chromium (as in copper chromite), rhodium, nickel, or rutheni- 
um. The hydrogenation is suitably carried out at a temperature of from 0°C to 200°C and a hydrogen pressure 
of between 1 and 200 atmospheres. 

Transition metal-containing catalysts suitable for use in the hydrogenation step of the process of this In- 

35 vention Include, but are not limited to, palladium supported on a carrier such as activated carbon (charcoal), 
silica gel, alumina, alkaline earth carbonate, or sulfate, diatomaceous earth, pumice and the like (especially 
supported palladium catalysts which have been pretreated with a basic compound such as aqueous sodium 
hydroxide, as described in Japanese KokaJ Pat Pub. No. 61-204147). catalysts comprising copper distributed 
in a zinc oxide matrix (such catalysts, which may also be referred to as reduced copper oxide-zinc oxide cat- 

40 alysts, are described in U.S. Pat Nos. 3,927.120 and 4,927,121), copper chromite catalysts (as described in 
U.S. Pat Nos. 2,137,407 and 2.125.412) barium-copper chromite catalysts containing zinc (as described in 
U.S. Pat No. 4,206.539). Raney nickel, palladium oxide, palladium black, ruthenium supported on carton or 
alumina, nickel supported on diatomaceous earth, platinum supported on carbon, rhodium supported on car- 
bon, ruthenium supported on carbon, rhodium-platinium oxide catalysts, copper-chromium catalysts (as de- 

45 scribed in U.S. Pat Nos. 2.544,756. 2.554,771 . 2,575.403. and 2.575.404), catalysts comprising calcium oxide, 
copper oxide, and vanadium oxide (as described in U.S. Pat No. 2,400,959), and catalysts containing copper, 
zinc, and alumina obtained by hydrogenative reduction of precursor pellets comprising an aluminum oxide ma- 
trix, zinc oxide, and cupric oxide (as described in U.S. Pat No. 2.234.100). The temperature, hydrogen pres- 
sure, and catalyst concentration during hydrogenation are selected so as to accomplish substantial (i.e., at least 

so 50% and more preferably at least 80%) conversion of the aryl-substituted ketone to aryl-substituted secondary 
alcohol within a practicably short reaction time (i.e., approximately 1 5 minutes to 12 hours) without overreduc- 
tion of the ketone to aliphatic or aromatic compounds which do not contain hydroxyl groups. The optimum hy- 
drogenation conditions wiD vary depending upon the type of catalyst selected for use and the reactivity of the 
aryl-substituted ketone, but may be readily determined by one skilled in the art with minimal experimentation 

55 based on th known art pertaining to ketone hydrogenation. Typically, temperatures of from about 20°C to 
175°C and hydrogen pressures of from about 1 to 200 atmospheres will be appropriate for us . Catalyst con- 
centrations of from about 0.1 to 10 weight p rcent based on the weight of th ketone/alcohol mixture recov red 
after removal fepoxid wOl generally be suitable. 

In a particularly preferred embodiment of this invention, the transition m tal hydrogenation catalyst is pai- 
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ladlum supported on carbon, alumina, r other suftab! support Such catalysts are well-known and are de- 
scribed, for example, In Frlefdder, Practical Catalytic Hydrogenatlon. pp. 12-13 (1971) and Fleser, et al. t Re- 
agents for Organic Synthesis, p. 778 (1087). 

Numerous supported palladium catalysts are als avaflabl from commercial sources. The amount of pal- 
ladium on th support r carrier Is not critical, but typically wfll vary from about 1 to 20 weight percent The 
catalyst will desirably have a relatively high surface area (Le.. at least about 400 rn^g). Appropriate hydrogen- 
atk>n temperatures for use with such catalysts range from about 20°C to 150°C, with temperatures of 30°C to 
100°C being especially preferred. Hydrogen pressures of at least 5 psla are employed, although faster rates 
of hydrogenatlon are realized at hydrogen pressures of from 70 to 400 psla. The supported palladium catalyst 
Is preferably treated with a solution of alkali metal or alkaline earth hydroxide, carbonate, oxide, carboxylate 
or other basic substance. It may be advantageous for the ketone/alcohd mixture to contain a minor amount 
of water (e.g.. from 1 to 6 weight percent) in order to minimize catalyst deactivation upon prolonged operation. 

The hydrogenatlon step may be carried out In a batch, semi-batch, continuous, or seml-contlnuous manner 
using any suitable reaction vessel or apparatus wherein the ketone may be Intimately contacted with the tran- 
sition metal hydrogenatlon catalyst and hydrogen. As the catalyst is normally heterogeneous in nature, fixed 
bed or slurry-type reactors are especially convenient for use. 

Figure 1 illustrates one embodiment of the integrated epoxidation process of this invention wherein a rel- 
atively light olefin such as propylene Is epoxldtzed to yield a volatile epoxide. A stream comprised of aryl- 
substituted secondary alcohol passes via line 21 Into alcohol oxidation zone 1 wherein the secondary alcohol 
Is reacted with molecular oxygen to form an oxidant stream comprised of hydrogen peroxide, aryi-substltuted 
ketone, and excess aryl-substituted secondary alcohol. The molecular oxygen is provided by air introduced 
via line 2. The temperature, pressure and the rates of addition and concentration of the reactants are preferably 
maintained in zone 1 effective to maintain the oxygen absorption rate in the liquid phase at 90% or more of 
the maximum oxygen absorption rate. The water content of the reaction mixture is desirably maintained below 
4 wt %, preferably below 2 wt % and most preferably below 1 wt % by stripping water formed during the ox- 
idation out of the reaction mixture with unreacted oxygen and/or Inert gases via line 3A. Preferably, the oxygen 
partial pressure in these gases is regulated at a value not more than 3.0, preferably not more than 2.0, times 
the minimum value at the maximum oxygen absorption rate. 

In especially preferred practice, reaction zone 1 is comprised of a plurality of separate reaction zones. The 
liquid reaction mixture Is passed In series from one zone to the next whfle the oxygen-contain Ing gas It intro- 
duced in parallel to each of the reaction zones. Each zone is thoroughly back-mixed. Hydrogen peroxide con- 
centration is lowest in the first zone and increases in each successive zone, reaching a maximum in the final 
zone. 

The oxidant mixture containing hydrogen peroxide passes from zone 1 via line 3 and may be used directly 
as the source of oxidant in the olefin epoxidation reaction which takes place in olefin epoxidation zone 4. Al- 
ternatively, the oxidant stream may be further processed or purified prior to introduction into zone 4, although 
a distinct advantage of this process is that such a purification is not necessary In order to achieve high epoxide 
yields. 

The olefin to be epoxidized is fed into zone 4 via line 6, while the titanium silicalite catalyst is introduced 
via line 5. Alternatively, the titanium silicalite may be deployed in zone 4 as a fixed bed. The resulting reaction 
mixture is maintained at the desired temperature and pressure in zone 4 for a time sufficient to convert a least 
a portion, and preferably at least about 50%. of the olefin to epoxide, thereby consuming a portion of the hy- 
drogen peroxide (preferably, substantially aO of the hydrogen peroxide is consumed). The crude epoxidation 
product thus obtained passes through line 7 to epoxide purification zone 8 where it is separated by fractional 
distillation or other such means into a recycled olefin stream (returned to olefin feed line 6 or olefin epoxidation 
zone 4 via line 9). a lights stream containing water and/or organics having a boiling point less than that of the 
epoxide (withdrawn via line 10), an epoxide stream containing the desired epoxide product (withdrawn via line 
11). and a ketone/alcohof stream comprised of the secondary alcohol and the corresponding ketone (with- 
drawn via line 13). If unreacted hydrogen peroxide is present, it may either be removed in the form of an aqu- 
eous or organic solution or decomposed by some suitable met hod. If a co-solvent such as met hanol has been 
used, it is preferably separated from the epoxidation reaction mixture by distillation or other similar means and 
recycled to zone 4. If desired, a heavies stream containing organic compounds having boiling points higher 
than that of the alcohol and ketone as well as the titanium silicalite catalyst may be separated and withdrawn 
vialin 12. Th titanium sOicalit catalyst may b recovered from this stream and returned to the olefin pox- 
kJatbn zone via line 5. Alternatively, the titanium silicalit may b recovered from th poxidation reaction prod- 
uct prior to s paration of any of the organic compon ntsth reof. 

Optionally, forth r purif icati n of th k tone/alcohol stream may be carried out In ketone/alcohol purif ica- 
tionzon 14 by any suitabl means such as distillation, countercurrent extraction, or the like. Certain com- 
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pounds such 89 phenols may be present in the ketone/dcohoJ stream which may t nd to inhibit the molecular 
oxyg n oxidation of the secondary alcohol to hydrogen peroxld and ketone. It Is therefore desirable to treat 
this stream in zone 14 to remove such compounds or to convert them into non-inhibitivo compounds. Prefer- 

6 ably, zone 14 comprises both distillation and caustic and/or Ion xchange treatment means. Additionally heav- 
ies may be withdrawn via line 15 and make-up secondary alcohol introduced via lln 16 as necessary. The 
purified ketone/aloohoi stream b passed via line 17 to hydrogenatfon zone 18 wherein the stream b reacted 
with hydrogen (introduced via line 19) In the presence of a suitable hydroge nation catalyst such as a supported 
platinum, nickel, copper chromite, ruthenium, or palladium catalyst (introduced via line 20 or deployed as a 

10 fixed bed in zone 1 8) so as to convert at least a portion, and preferably substa n tiaJly all, of the aryl-substituted 
ketone generated In alcohol oxidation zone 1 back to aryl-substituted secondary alcohol. The hydrogenated 
stream produced In zone 18 b passed via line 21 to alcohol oxidation zone 1. This integrated process b pre- 
ferably operated in a continuous manner such that the desired epoxide is the only major organic product and 
the ketone b recycled. 

is From the foregoing description, one skilled In the art can readily ascertain the essential characteristics of 
this Invention, and, without departing from the spirit and scope thereof, can make various changes and mod- 
ifications of the Invention to adapt it to various usages, conditions, and embodiments. 

The following examples further ilustrate the process of this invention, but are not limitative of the invention 
In any manner whatsoever. 

20 

EXAMPLE 1 
Step A 

25 An oxidant mixture was prepared by air oxidation of alpha-methyl benzyl alcohol in accordance with the 
procedures of U.S. Pat No. 5,039,508, said mixture comprising ca. 5 weight % hydrogen peroxide 1 weight % 
water, 68 weight % alpha-methyl benzyl alcohol, and 28 weight % acetophenone. Minor amounts of active oxy- 
gen-containing organic compounds such as ethyl benzene dihydroperoxide and ethyl benzene hydroperoxide 
were also present 

30 

StepB 

The oxidant mixture generated in Step A (100 mL) was charged to an Isco pump. A 300 mL glass-lined 
autoclave was charged with TS~r titanium silicaiite catalyst (0.56 g), methanol (25 mL), and propylene (16 
35 mL; 0.20 mole) and heated to 40°C. The oxidant mixture in the Isco pump was added to the contents of the 
autoclave while stirring. The molar ratio of olefin to hydrogen peroxide was ca. 1 .5:1 . The reaction mixture was 
stirred for an additional 2 hours at 40-50°C after addition of the oxidant mixture was completed. Analysis of 
the reaction product indicated that 70% hydrogen peroxide conversion and 89% selectivity to to propylene ox- 
ide based on hydrogen peroxide had been achieved. 

40 

StepC 

The components of the reaction epoxidation product are recovered by removing the Insoluble titanium sil- 
icaiite catalyst by f fltration and distilling off the propylene oxide (b.p. 34°C/760 mm Hg). The bottoms fraction 
45 containing alpha-methyl benzyl alcohol is combined with a commercially available 5% palladium on activated 
carbon catalyst (5 parts by weight catalyst per 100 parts by weight of the bottoms fraction) and reacted 2 hours 
at 50°C under a hydrogen atmosphere (200 psia) to achieve at least 80% conversion of the acetophenone to 
alpha-methyl benzyl alcohol. The hydrogenated product may subsequently be re-oxidized with molecular oxy- 
gen to yield a new oxidant mixture suitable for use in another olefin epoxidation cycle. 

50 

EXAMPLE 2 

Example 1 was repeated using a larger amount (1 .1 2g) of titanium silicaiite catalyst The conversion of hy- 
drogen peroxide in Step B was increased to 87% while the propylene oxide selectivity remained high (88%). 

55 

COMPARATIVE EXAMPLE 3 

This exampl demonstrates th advantag s of employing an oxidant mixture deriv d from an aryl- 
substituted secondary alcohol in the integrated process of this inv ntion instead f an oxidant mixture derived 
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from cydohexanol. 

An oxidant mixture nominally comprised of cydohexanol (65 weight %). cyclohexanon (30 weight %), and 
hydrogen peroxld (5 weight %; 0.15 mo! ) was contacted with propylene (16 mU 0.20 mol ) In the presence 
of TS-1" titanium slicaJ Ite (containing 1 .4 weight % Ti) for 45 minutes at 80°C. The oxidant mixture had been 
prepared by stirring a mixture of cydohexanol (70 mL), cycfohexanone (30 mL), 50% aqueous hydrogen per- 
oxide (10 my for 4 hours at room temperature, adding magnesium sulfate (30 g), stirring for an additional 30 
minutes, and then filtering (the resulting oxidant mixture doseiy approximated the reaction product obtained 
by air oxidation of cydohexanol and contained a high proportion of a dimeric organic peroxide spedes resulting 
from combination of the cyclohexanone and hydrogen peroxide). Hydrogen peroxide conversion was only 32%. 

Selectivity to propylene oxide was relatively low (53% based on hydrogen peroxide), resulting In an overall 
yield of epoxide of only 17% as compared to yields of about 81% using an oxidant mixture derived from alpha- 
methyl benzyl alcohol under comparable conditions. 

COMPARATIVE EXAMPLE 4 

This example demonstrates the advantages of utilizing an oxidant mixture derived from an aryl-substituted 
secondary alcohol in the integrated process of the invention instead of an oxidant mixture derived from iso- 
propanol. 

An oxidant mixture nominally comprised of IsopropanoJ (ca. 66 weight %), acetone (ca. 29 weight %), and 
hydrogen peroxide (5 weight %; 0.15 mole) was contacted with propylene (16 mL; 0.20 mole) In the presence 
of TS-1" titanium sflicalite (1.4 weight % Ti) for 4 hours at 80°C. The oxidant mixture had been prepared by 
stirring a mixture of isopropanol (70 mL), acetone (30 mL), and 50% aqueous hydrogen peroxide (10 mL) at 
room temperature for 4 hours, adding magnesium sulfate (30 g), stirring for an additional 30 minutes before 
filtering to remove the magnesium sulfate (the resulting oxidant mixture doseiy approximated the reaction 
product obtained by air oxidation of Isopropanol and contained a high proportion of a dihydroperoxy compound 
resulting from combination of acetone and hydrogen peroxide). While the conversion of active oxygen species 
was comparable to that observed when using an alpha-methyl benzyl alcohol-derived oxidant mixture under 
similar conditions (04%). the selectivity to propylene oxide was only 70%. This was significantly lower than 
the ca. 83% selectivity obtained using alpha-methyl benzyl alcohd instead of isopropanol. At least part of the 
lower selectivity was due to the oxidation of Isopropanol to acetone during the attempted epoxldation. 

EXAMPLES 

A titanium-rich silicalite catalyst containing an MFI crystalline phase and 4.4 weight percent titanium was 
prepared in accordance with the procedure described in TTiangarcy et al.. J. CateL 130,1(1991). The catalyst 
(0.73 g) was then charged to a 300 mL glass-Jined autodave together with methanol (25 mL) and then propy- 
lene (16 mU 0.20 mde). The autodave was equipped with a Teflon" stir shaft and blade and a Teflon" tape- 
wrapped thermowell. After heating the autodave to 75°C using an external heating coil, a oxidant mixture con- 
taining alpha-methyl benzyl alcohd, acetophenone. 5.15% hydrogen peroxide, and a minor amount of water 
(total of 100 mL) which had been prepared by air oxidation of alpha-methyl benzyl alcohol was then fed into 
the autodave over a 15 minute period while constantly stirring the autodave contents. During the addition, 
the reaction exothermed to 85°C. The reaction mixture was stirred an additional 30 minutes after addition was 
completed. After cooling in an ice bath, the contents of the autodave woe analyzed for hydrogen peroxide by 
iodometric titration and for propylene oxide by gas chromatography. The results obtained were as follows: 
Final concentration = 0.11% (0.0040 mde) 
H 2 0 2 conversion = 97% 
Propylene oxide produced = 0.12 mole 

Selectivity to propylene oxide (based on hydrogen peroxide) = 84% 

Propylene oxide and catalyst are recovered from the reaction product as described in Step C of Example 
1 and the resulting acetophenone/alpha-methyl benzyl alcohol mixture hydrogenated over a supported palla- 
dium catalyst to recyde substantially all of the acetophenone back to alpha-methyl benzyl alcohol. 

EXAMPLES 6-7 

Thes examples d monstrate that the integrated process of this inv ntion. which uses a "crud " (unpuri- 
fied) oxidant mixture btained by air oxidation of an aryl-substituted secondary alcohol, provides poxid yields 
equivalent to those obtain d using purifi d hydrogen peroxid diluted in a "d an" aloohoi/keton reaction me- 
dium. 
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A 300 ml glaas-lined autoclave equipped with a "Teflon" stir shaft and blade and thermowell was charged 
with methanol (25 ml) and TS-V titanium silicalite catalyst (0.73g), followed by liquid propyl n (16 mL; 0.20 
mole). Th autoclave was heated to 37°C by means of an external col attached to a circulating bath. A crude 
6 oxidant mixture (100 mL) obtain d by air oxidation of alpha-methyl benzyl alcohol and containing 6.15 weight 
percent hydrogen peroxide was charged to an Isco pump and added to the contents of the autoclave over a 

1 hour period. The reaction mixture exothermed to 45°C and was stirred at this temperature for an additional 

2 hours after addition was completed. The pressure dropped from 120 psia to ca. 42 psla during the reaction. 
The externa] heating cord was replaced with an ice bath and the liquid contents of the autoclave oooied to 

io 20°C. The autoclave was vented and the head removed for product sampling. The reaction product was ana- 
lyzed by iodometric titration (residual hydrogen peroxide) and gas chromatography (organic products). The re- 
sults are shown in Table I below (Example 6). Epoxide selectivity with respect to olefin was over 89%, with no 
detectable amount of propylene glycol and less than 1 % of 2-methoxy-1 -propanol and 1-methoxy-2-propanol 
being produced. 

15 When the above procedure was repeated using an artificial oxidant mixture prepared by stirring reagent 
grade alpha-methyl benzyl alcohol (70 mL), acetophenone (30 mL), and 50% aqueous hydrogen peroxide (10 
mL) with magnesium sulfate (30g; used to remove all but ca. 1% water from mixture) and filtering, no significant 
difference in H2Q2 conversion, epoxide selectivity, or epoxide yield was observed (Comparative Example 7). 

20 

Table I 

Example No. %H,0, Conversion %PO Selectivity %PQ Yield 
6 87 88 77 

25 

7* 90 87 78 

♦comparative example 

30 EXAMPLES 8-9 

Examples 6-7 were repeated at a reaction temperature of 80°C instead of 45°C. The results obtained (Table 
II) confirmed that, contrary to expectation, no loss In epoxide selectivity or yield occurs when using an unpurf- 
fied oxidant mixture prepared by air oxidation of an aryt-substituted secondary alcohol. 

35 

Table II 

Example No. %H 7 0 7 Conversion %P0 Selectivity %PO Yield 
40 8 97 83 81 

9* 95 84 80 

♦comparative example (using purified reagent grade reactants) 

45 

EXAMPLES 10-11 

A flask was charged with methanol (1.6 mL), TS-r titanium ail leal Ite catalyst (0.13g), ailyl chloride (4.6 
so m mole), and an oxidate mixture containing 5.15 weight % hydrogen peroxide (1.9 m mole) prepared by air 
oxidation of alpha-methyl benzyl alcohol. The flask was fitted with a reflux condenser and submerged in a40°C 
oil bath for 3 hours. The reaction mixture thus obtained was analyzed for untreated hydrogen peroxide by io- 
dometric titration and for organic products by gas chromatography (Example 10 of Table III). The yield of ep'h 
chlorohydrin obtained was comparable to that observed using a highly purified oxidant mixture prepared by 
55 combining reagent grad components (Comparative Example 11). This example als demonstrates that the 
process of th invention is useful for the production of halogenated epoxides 
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Table III 

Example No, %H„Q, Conversion % Epoxide Selectivity %Epoxide Yield 
10 64 8B 56 

11* 58 90 52 

♦comparative example 



COMPARATIVE EXAMPLE 12 

This example demonstrates the critical Ity of selecting a titanium sliicalite for use as an epoxidation catalyst 
in the process of the invention. 

A 300 mL glass-lined autoclave equipped with a Teflon 0 stir shaft and blade and thermowell was charged 
with methanol (25 mL) and a TKtySiCfe non-zeal itic supported catalyst prepared as described In U.S. Pat No. 
3,923,843 (0.56 g; 1.0% TIO2 on silica). After sealing the autoclave, liquid propylene (16 mL; 0.20 mole) was 
added. The autoclave was heated to 37°C using an external coil attached to a circulating bath. An attached 
Isco pump was charged with an oxidant mixture prepared by air oxidation of alpha-methyl benzyl alcohol (1 00 
m U 4. 77% H2O2; 0. 140 mole). The oxidant mixture was added over a 1 hour period; no exot harm was observed. 
After stirring for an additional 2 hours at 37°C. the external coil was replaced by an ice bath and the contents 
of the reaction cooled to 20°C. The autoclave was vented and the head removed. The reaction mixture was 
analyzed by todometric titration for residual hydrogen peroxide and by gas chromatography for volatile organic 
products. Only 16% H2O2 conversion was observed; no propylene oxide was detected. This result confirms 
that high yields of epoxide cannot be obtained using this type of heterogeneous catalyst and an oxidant mixture 
comprising aryl-substituted secondary alcohol, aryi- substituted ketone, and hydrogen peroxide, even though 
the catalyst, like titanium sliicalite, predominantly contains only titanium, oxygen, and silicon. Apparently, the 
arrangement of titanium and sflicon atoms within a crystalline molecular sieve-type structure is crucial in order 
for such substances to function effectively as olefin epoxidation catalysts. 

COMPARATIVE EXAMPLE 13 

This example demonstrates the importance of using an oxidant mixture derived from air oxidation of an 
aryi-substituted secondary alcohol rather than an organic hydroperoxide as the source of active oxygen during 
the epoxidation step of the process of this invention. 

A 300 mL autoclave equipped as described in Comparative Example 12 was charged with a 3.0 M solution 
of tert-butyl hydroperoxide In 2,2.4-trimethyl pentane (50 mU 0.15 mole TBHP) and TS-1" titanium sflicalite 
catalyst (1.10 g). After adding liquid propylene (70 mL; 0.87 mole), the autoclave was heated and stirred at 
45° C for 3 hours. Only 12% t- butyl hydroperoxide conversion was observed. No detectable amount of propy- 
lene oxide was present indicating that t-butyl hydroperoxide cannot be successfully substituted for an oxidant 
mixture derived from oxidation of an aryl-substituted secondary alcohol in the process of this invention. 

EXAMPLE 14 

The procedure of Example 10 is repeated using ally! alcohol as the olefin instead of allyi chloride and a 
reaction temperature of 25°C. The expected product is glycidol. 

EXAMPLE 15 

The procedure of Example 10 is repeated using trans- 2-hexene as the olefin and a reaction temperature 
of 62°C. The expected product is 2, 3-hexene oxide. 



Claim 

1. An integrated process for the production of an epoxid comprising the steps of 

(a) forming an oxidant mixture comprised f secondary alcohol, an aryl-substituted keton and hydro- 
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gen peraxkJ by contacting an aryl -substituted secondary alcohol with molecular oxygen; 

(b) converting an olefin to epoxide by contacting the oxidant mixture with the olefin and a cataJyticaJiy 
effective amount of a titanium silicaJite; and 

(c) converting the aryf-substfcitBd ketone to the aryl -substituted secondary alcohol by reaction with 
hydrogen in the presence of a transition metal hydrogenation catalyst 

2. The process of claim 1 wherein the titanium silicaJite has an MFI or MEL topology. 

3. The process of dafrn 1 or claim 2 wherein the titanium sfllcaJite has a composition corresponding to the 
chemical formula 

xTOr (1-x) SKfe 

wherein x is from 0.0001 to 0.125. 

4w The process of any one of claims 1 to 3 wherein the aryl-substituted secondary alcohol has the general 
structure: 

OH 

R-C-R 1 

I 

H 



wherein R and R 1 are the same or different and are selected from alkyl, aryl alkyl, and aryl groups with 
the proviso that at least one of R or R 1 Is an aryl group. 

& The process of claim 4 wherein the aryl-substituted secondary alcohol has the general structure 




wherein R 2 and R 3 are the same or different and are each selected from hydrogen and C r C 50 alkyl. 
40 6. The process of any one of claims 1 to 5 wherein the olefin has the general formula 

R 1 R 3 
\ / 

45 C— C 

/ \ 

R 2 R 4 

SO wherein R 1 , R*. R» and R 4 are the same or different and are each selected from hydrogen. CrC*> alkyl, 

Ct-C* aryl alkyl, Cs-C 12 cydoalkyl, Ca-C 10 alkyl cycloakyl and CrCao Cs-C 12 cycloalkyl, <VC 10 alkyl cy- 
cloaikyl and C r C^ aryl. 

7. The process of any one of claims 1 to 6 wherein the amount of titanium eilicalite is from 0.01 to 10 grams 
55 per mole of olefin. 

8. The process of any on of claims 1 to 7 wherein step (b) in said process is conducted at a pressure of 
betwe n 1 and 100 atmospheres. 
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9. The process of any on of claims 1 to 8 wherein the molar ratio of SfcTl in the lattice framework of the 
titanium sllcelite is from 9.5:1 to 99:1 . 

5 10. The process of any one of claims 1 to 9 wherein the molar ratio of def ln:hydrogen peroxid In step (b) is 
from 1:10 to 10:1. 

11. The process of any one of claims 1 to 1 0 wherein methanol Is additionally present during step (b). 

12. The process of any one of claims 1 to 11 wherein the temperature in step (b) is from 0°C to 150°C. 

13. The process of any one of claims 1 to 12 wherein the titanium silicalite has been treated with an acid- 
neutralizing agent selected from alkaline substances and sDylating agents. 

14. The process of any one of claims 1 to 13 comprising the additional step of separating the epoxide from 
15 the aryf -substituted secondary alcohol and the aryf-substituted ketone prior to step (c). 

15. The process of any one of claims 1 to 14 wherein the transition metal in the transition metal hydrogenation 
catalyst In step (c) Is selected from palladium, platinum, chromium, rhodium, nickel and ruthenium. 

20 16- The process of any one of claims 1 to 15 wherein step (c) is carried out at a temperature of from 0°C to 
200°C. 

1 7. The process of any one of claims 1 to 1 6 wherein step (c) Is conducted at a hydrog en pressure of between 
1 and 200 atmospheres. 

25 

18. The process of any one of claims 1 to 17 wherein step (a) is conducted at a temperature of from 100 to 
200*C. 

The process of any one of claims 1 to 1 8 wherein step (a) Is conducted at a pressure of from 50 to 1 000 
psig. 

The process of any one of claims 1 to 19 wherein the oxidant mixture contains less than 4 weight percent 
water. 

21. The process of any one of claims 1 to 20 wherein contacting step (a) is carried out in a liquid phase. 

22. A process as claimed In any one of claims 1, 6, 8, 9, 10, 11, 13, 14, 20 and 21, comprising the steps of 

(a) forming an oxidant mixture comprised of alpha-methyl benzyl alcohol, acetophenone, and from 1 
to 10 weight percent hydrogen peroxide by contacting alpha-methyl benzyl alcohol with molecular oxy- 
gen at a temperature of from 100°C to 200°C and a pressure of from 50 to 1000 psig oxygen; 

(b) converting olefin to epoxide by contacting the oxidant mixture with an olefin and from 0.01 to 10 
grams titanium sflicaiae per mole of olefin having an MEL or MFI topology and a chemical formula 

xTiQ 2 (1-x)Si02 

wherein x is from 0.01 to 0.125, at a temperature of from 0°C to 1 50°C and 

(c) converting the acetophenone to alpha-methyl benzyl alcohol by reacting the acetophenone with 
hydrogen in the presence of a transition metal hydrogenation catalyst wherein the transition metal is 
platinum, palladium, chromium, rhodium, nickel or ruthenium at a temperature of from 20 to 150°C and 
a hydrogen pressure of from 1 to 200 atmospheres. 

23. The process of claim 22 wherein the Si:Ti molar ratio in the lattice framework of the titanium silicalite is 
from 9.5:1 to 60:1 . 

24. The process of claim 22 or claim 23 comprising the additional step of separating the epoxide from the 
aryf-substituted secondary alcohol and the aryi-substituted ketone by distillation prior to step (c). 

25. A process as claimed In any one of claims 1 to 24 wherein the olefin is selected from ethylene, propylene, 
1 -butane, isobutylene, 2-buten , 1-pentene, cycloh x ne, allyl chloride, allyl alcohol, and butadiene. 
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